The beneficial effects of nutrition on reproduction in sheep have been described, particularly on ovulation rate. However, the relationships between nutrition and reproductive seasonality are not well known. This review will deal with the effects of body fat or food intake on sexual and hypothalamic/pituitary activity in sheep, mainly focused on Mediterranean genotypes. Although only severe malnutrition can significantly extend the length of the seasonal anestrous period, the level of fat reserves can play a significant role on reproductive seasonality delaying the onset of seasonal anoestrus, particularly on the Mediterranean environment. The effect of overfeeding on LH secretion has also been reported, specially at short term. Several experimental approaches have elucidated that both high body fat and food intake are able to modify the sensitivity of the hypothalamus to oestradiol negative feedback during seasonal anoestrus, with those effects being associated to a reduced amount of NPY mRNA and to an increase of plasma insulin, glucose and leptin concentrations, particularly in the late scenario. However, the highest receptivity to nutritional stimulation in terms of increasing LH occurs when ewes are subjected to a photoperiodic state of early anoestrus or late breeding season rather than under a photoperiod characteristic of the end of anoestrus or the beginning of the breeding season.
INTRODUCTION
The main reason a species has a seasonal pattern of reproduction is to insure that births occur at the optimal time of the year, usually spring, which allows the newborn to grow under favourable conditions of temperature and food availability in advance of the winter. The breeding season of ewes is a succession of 16-18 d oestrous cycles, which usually begins in the late summer or early autumn and ends in the late winter or early spring. Domestication has produced a shift in the timing of the breeding season from the autumn to summer, although, unlike domesticated bovine, * Corresponding author: forcada@unizar.es most domesticated small ruminants have retained most of the physiological expressions of reproductive seasonality.
Sexual activity in sheep is strongly influenced by photoperiod, which is the main environmental factor responsible for the seasonality of reproduction in populations at high latitudes; however, sheep are spread around the world, and the general description of seasonal breeding in small ruminants cannot be applied universally. Almost 60% of the world's sheep are found between 35
• N and 35
• S [1] , an area in which a reproductive strategy that is based solely on photoperiodic cues might not be the most suitable [2] . The climate between 35
• S, which some refer to as "Mediterranean" [3] , can extend to [40] [41] • N. The region is characterised by seasonality in food availability (influenced by wet winters and springs and dry summers), and weight loss by sheep in the autumn, the natural mating season. Therefore, Mediterranean breeds are adapted to reproductive strategies because of their reduced reproductive seasonality, and their response to photoperiod can be modulated by other environmental (nutrition) or social (male effect or permanent contact ewesrams) factors [4] . Thus, Mediterranean breeds are adapted to intensive production and accelerated lambing programs.
ROLE OF PHOTOPERIOD IN REPRODUCTIVE SEASONALITY
In sheep, the experimental modification of photoperiod, without a change in other factors can shift the timing of the breeding season. The reversal of the annual photoperiodic cycle causes the reproductive season to shift by six months [5] . In addition, within six months, ewes exposed to light regimes that provided a natural annual variation in daylength, have two breeding seasons per year [6] . Furthermore, alternating periods of short (8 h of light) and long (16 h of light) days induce periods of sexual activity and anoestrus respectively, following a latency period between every change of photoperiod (e.g., periods of sexual activity begin 50 d after the start of the short-day light regime) [7] . It is clear that short days are stimulatory and long days are inhibitory at short time.
Modifications to the activity of the hypothalamic-pituitary axis through changes in pulsatile gonadotrophin releasing hormone (GnRH) and luteinizing hormone (LH) control the seasonal changes in ovine reproductive condition. Such modifications reflect differences in sensitivity to the negative feedback of circulating oestradiol [8] . The use of ovariectomised-oestradiol implanted (OVX+E2) ewes insures a constant release of oestradiol and provides a suitable model for studying the effect of photoperiod on the secretion of GnRH-LH. Furthermore, prolonged stimulatory (short days) or inhibitory (long days) photoperiods induce states of photorefractoriness, which changes the reproductive state of the ewes [9, 10] . Refractoriness seems to reflect the expression of an endogenous annual rhythm, which is observed in ewes exposed to prolonged, constant long and short photoperiods. Animals in these conditions continue to display cyclical variations in reproductive activity, although not synchronised among animals, and have periods differing synchronisation from 1 year [11] . Particular segments of the annual photoperiodic cycle seem to be more relevant in the synchronisation of endogenous rhythms [12, 13] . Thus, the increasing daylength in the spring might be responsible for the onset of the breeding season at the end of the summer, whereas the long, but decreasing daylengths from the summer solstice to the autumnal equinox seem to insure the normal duration of the subsequent reproductive season.
SEASONAL REGULATION OF HYPOTHALAMIC ACTIVITY
The pineal gland is directly involved in the ewe's perception of photoperiod. The retina receives photoperiodic information, which follows a multi-step neural pathway to the pineal gland, where the message modulates the rhythm of melatonin secretion [14] . The duration of secretion differs between long and short days because melatonin is released at night, only. Variations in the duration of melatonin secretion are processed neurally and regulate the secretion of GnRH. Melatonin is released in the Galen vein and in the cerebrospinal fluid, where concentrations are 20 times greater than in the jugular vein [15] . The relative importance of the two pathways in modulating reproductive activity remains unresolved.
In the ovary-intact ewe, low pulsatility of GnRH and LH occurs during the luteal phase of the oestrous cycle because of the negative feedback effect of elevated levels of circulating progesterone [16] . During anoestrus, the frequency of episodic GnRH and LH secretions is extremely low (pulses every 6-12 h) despite the lack of corpora lutea and the resulting absence of the progesterone in plasma [17] . The low circulating concentrations of follicular oestradiol are sufficient to maintain a reduced GnRH pulsatility outside of the breeding season [8] . Thereafter, the low pulse frequency does not follow an alteration in the secretory activity of the hypothalamus because ovariectomised ewes increase GnRH pulsatility during anoestrus [16] . Reduced plasma oestradiol concentrations do not reduce GnRH secretion in the reproductive season [17] , thus differential hypothalamic sensitivity (high in anoestrus and low in the breeding season) is, perhaps, the major neuroendocrine determinants of seasonal changes in ovarian cyclicity [8] .
Sixty per cent of the population of GnRH cell bodies are located in the preoptic area of the sheep brain and about 15% of the GnRH neurons are detected in the mediobasal hypothalamus [18] . It has been shown that the GnRH cell from the preoptic area undergoes morphological changes in relation to the season, with an increase in the inervation of preoptic GnRH elements during the breeding season [19] , although the involvement of these anatomical changes in the inhibition of LH release during anoestrus remains to be elucidated.
It has been demonstrated in sheep that melatonin acts in the mediobasal hypothalamus to modulate pulsatile GnRH secretion [20] . Parallel to the effect of artificial photoperiodic treatments, the effect of melatonin implants to improve the GnRH secretory activity of the hypothalamus of anoestric ewes subjected to a long-day light regime requires a latency period not lower than 40-50 days [21] .
NUTRITIONAL MODIFICATION OF REPRODUCTIVE SEASONALITY IN SHEEP
The beneficial effects of nutrition on reproduction in sheep are well known. In particular, nutrition is one of the main factors affecting ovulation rate, even over a very short time (4-6 d) [22] , although this effect is not very consistent among or even within laboratories [23] . The effect of nutrition on ovulation rate is more evident over a period and when the nutritional treatments are done in the transitional period between anoestrus (seasonal or lactational) and the breeding season [24, 25] .
Nutrition has a smaller influence on sexual activity than on ovulation rate. Evidently, only severe malnutrition can significantly extend the length of the seasonal anoestrous period, which is mainly attributed to an earlier end of the reproductive season [26] . In contrast, the modification of reproductive seasonality in ewes that have a moderate level of fat reserves using the level of nutrition as the only management tool seems to be difficult.
In the Mediterranean environment, however, it is possible to overcome the regulating effect of photoperiod on reproductive seasonality in ewes that have a moderately high level of fat reserves. Our results show a consistent reduction (64 vs. 113 d; P < 0.05) in the duration of seasonal anoestrus in ewes maintained from November to September at a constant, moderately high body condition score (BC) (2.9) when compared to females having a lower (but commercially viable) BC (2.3) [24] (Fig. 1) . In our study, liveweight was kept constant throughout Oestrous activity and ovulation rate of Rasa Aragonesa ewes maintained at two constant levels of body condition (BC) throughout the year: moderately high (2.8) (filled bars and , respectively) and moderately low (2.3) (white bars and , respectively). The length of seasonal anoestrus was significantly shortened by a moderately high BC: 64 vs. 113 days; P < 0.05). Adapted from Forcada et al. [24] .
the experiment, with a between-group difference of 6 kg (48 vs. 42 kg). The greatest differences in sexual activity occurred in the transitional period between the seasonal anoestrus and the reproductive season, when a moderately high BC induced a significant increase in the proportion of ewes in oestrus. The effect of a high level of body fat reserves on sexual activity seems to be consistent among Mediterranean breeds and acts more though delaying the onset of seasonal anoestrus than by advancing the start of the new reproductive season, which is less modified by nutrition [24, 27, 28] and, probably, more strongly regulated by photoperiod. The inhibitory and synchronising effects of increasing daylength and long days between the spring equinox and the summer solstice on sexual activity [12] appear to be difficult to overcome using nutrition only, even in Mediterranean genotypes. Indeed, in several Mediterranean breeds of sheep, improving nutrition after weaning has consistently failed to advance the onset of sexual activity following lambings in seasonal anoestrus [25, 29] . In one study, however, malnutrition during the suckling period caused a significant reduction in plasma LH concentrations in ewes lambing in the mid-breeding season [30] . Furthermore, those undernourished ewes were unable to reactivate their cyclicity before the onset of the seasonal anoestrus.
MECHANISMS OF ACTION OF NUTRITION ON SEASONALITY OF REPRODUCTION
By using OVX+E2 ewes at the beginning of the breeding season, Rhind et al. [31] demonstrated that high food intake or high body fat induces an increase in mean plasma concentrations and pulse frequency of LH without modifying the sensitivity of the pituitary to GnRH. Thus, adequate nutrition caused a significant reduction in hypothalamic sensitivity to the negative feedback of oestradiol. By using OVX+E2 Rasa Aragonesa ewes at the beginning and the end of the seasonal anoestrus following a twoweek period of overfeeding, we observed the same effect on plasma LH concentrations, although the effects of nutrition on LH pulse frequency were not significant; possibly, because of the short time over which the nutritional treatments were administered [32] . Although high food intake appears to have a stronger effect on LH secretions than does a constant level of body fat [33, 34] , the initial increase in LH secretion induced by a high food intake is maintained for only a few weeks, despite consistent increases in body mass caused by high food intake. That effect occurred in intact [2, 35] and in castrated/oestradiolimplanted animals [34] , which probably reflects long-term adaptations that allow animals to reach a new equilibrium in energy balance after their nutritional state has changed. Thus, the hypothalamus might have a nutritional 'memory' that can influence subsequent responses to a given level of nutrition.
To better understand the mechanisms by which nutrition modifies the sensitivity of the hypothalamus to oestradiol negative feedback during seasonal anoestrus, we propose several areas for investigation.
Modification of circulating oestrogenic activity
Differences in the rate of clearance, rather than differences in secretion levels, can explain the apparent inverse relationship between nutrition and peripheral steroid concentrations. In ewes, reductions in plasma progesterone levels following overfeeding are a consequence of higher metabolism of the steroid by the liver [36] . Enhanced nutrition might increase the clearance of oestrogen [37] . In sheep, oestradiol-17β is converted very efficiently by the liver to oestradiol-17α. Relatively little oestrogen is excreted in the urine, and over 80% of the oestrogen is excreted as free oestradiol-17α in the faeces. In ewes, food restriction is clearly associated with slower faecal excretion of oestrogen and higher plasma concentrations of oestradiol-17α [38] , which might undergo back-conversion to estrone and oestradiol-17β [39] . Thus, high food intake or a high body fat might be associated with reduced estrogenic activity in plasma, which leads to lower hypothalamic sensitivity to the negative feedback of oestradiol.
Role of endogenous opioids and the dopaminergic system
In sheep, in the presence of oestradiol, endogenous opioids are involved in the inhibition of LH secretion during the prepubertal [40] and early postpartum [30] periods because blocking of opiate receptors using the antagonist naloxone increases LH pulse frequency. During seasonal anoestrus, however, neither intact nor OVX+E2 adult ewes respond to treatment with opioid antagonists [41, 42] , which suggests the involvement of other neuronal mechanisms (dopaminergic, serotoninergic) that prevent LH secretion from being a naloxone-reversible process during anoestrus [42] . In OVX+E2 adult ewes of a Mediterranean breed, we found that naloxone induced a significant increase in LH pulse frequency in early and late anoestrus, which was independent of the level of food intake [32] . Thus, in Mediterranean breeds that have a short anestrous, those nonopioid mechanisms are either unrelated to the opioidergic pathways or unable to mask the disinhibition of LH pulse frequency in response to naloxone.
The dopaminergic system is involved in the suppression of LH secretion by oestradiol during anoestrus, particularly, at the end of the breeding season. In OVX+E2 adult ewes in a state of photorefractoriness to short days, the dopamine antagonist pimozide can increase LH pulse frequency [43, 44] ; however, Gayrard et al. [45] reported an increase in the activity of tyrosine hydroxylase (the ratelimiting enzyme in the synthesis of catecholamines) related to the inhibition of LH secretion by oestradiol in ewes subjected to an inhibitory photoperiod of long days.
In OVX+E2 Mediterranean ewes during the early and late seasonal anoestrus, we demonstrated the role of the dopaminergic system in the inhibition of LH pulse frequency [32] ; however, in our study, the effect of pimozide on LH secretion seemed to be higher in ewes that received a high level of food intake, which indicated that overfeeding probably reduced the role of additional neural systems in the inhibition of LH secretion in the transitional periods between anoestrus and the breeding season. In fact, in underfed Mediterranean OVX+E2 ewes implanted with melatonin, treatment with pimozide can restore LH secretion levels to the levels observed in overfed ewes before the treatment with the dopaminergic antagonist [46] .
Nutritional signals influencing the control of GnRH release
In attempting to identify the mechanisms that might link GnRH-LH release to nutritional status, some have postulated that blood-borne signals that reflect metabolic status might be involved. In particular, Hall et al. [47] reported that abomasal infusion of the amino acid tyrosine in nutritionally growth-restricted and ovariectomised ewe lambs induced a significant increase in LH pulse frequency as early as 10 d after the start of the treatment. They postulated that increased plasma concentrations of tyrosine might reduce the availability of tryptophan to the central nervous system by competing for carrier sites to cross the blood-brain barrier [48] , and negatively influence the synthesis of serotonin, which is closely associated with the availability of tryptophan [49] . Serotonin mediates the steroid-dependent inhibition of LH secretion during seasonal anoestrus [44, 50] , therefore, increased tyrosine concentrations can influence LH secretion by reducing the production of serotonin. Furthermore, tyrosine is an important gluconeogenic amino acid. If a high level of nutrition can improve reproductive parameters, it is always associated with a significant increase in plasma concentrations of tyrosine [51] .
The role of leptin in the nutritional regulation of GnRH-LH secretion
In domesticated ruminants, leptin is produced mainly in white adipose tissue and secreted into circulating blood at concentrations that are influenced by genetic, nutritional, physiological, and environmental factors. In sheep, malnutrition reduces gene expression and concentrations of circulating plasma leptin [52, 53] . Furthermore, in sheep subjected to a longday photoperiod, leptin concentrations are higher [54, 55] , which probably reflects photoperiod-driven changes in intake and adiposity because food restrictions during long days reduce leptin concentrations to levels similar to those that occur during short-days [55] .
In OVX+E2 male sheep, Archer et al. [34] observed higher plasma leptin concentrations in animals that had high BC than in sheep that had low BC and following exposure to a high vs. a low level of food intake for 4 weeks. However, only in the latter scenario was GnRH-LH secretion stimulated, although glucose and insulin plasma concentrations were significantly increased in both cases. These results imply that the reproductive neuroendocrine axis can detect an acute increase in nutritional condition, which might be mediated by changes in the leptin signal. Apparently, however, the stimulatory effect of leptin on LH secretion in ruminants is limited to medium-term periods of nutritional stress [56] .
Both intracerebroventricular [57] and peripheral [58] infusions of leptin stimulate dose-dependent increases in circulating insulin [58] . Moreover, direct ovarian arterial infusion of leptin reduced ovarian oestradiol secretion [59] , probably by inhibiting the IGF-I-mediated enhancement of FSH-stimulated oestradiol synthesis by ovine granulosa cells [60] . These effects might explain the static (medium term) effects of nutrition on reproduction. Ewes that have a high BC have a high ovulation rate that is accompanied by high FSH and low oestradiol concentrations compared to females that have a low BC [23] . Reduced oestradiol production is likely associated with the higher leptin levels exhibited by ewes that have high body fat and lower steroid concentrations might reduce the negative feedback at the hypothalamuspituitary axis, thereby, increasing LH and FSH concentrations. In fact, neuropeptide Y (NPY) can mediate the effects of body fat on GnRH-LH secretion. Both leptin [61] and high body condition [34] reduce NPY gene expression in sheep, and this neuropeptide is involved in the inhibition of GnRH secretion in the presence of oestradiol [62] . Synaptic contacts with GnRH neurons exist for NPY in sheep [63] .
In contrast, the short-term effect of nutrition on GnRH-LH secretion is not mediated by changes in the oestradiol feedback system, but increases in concentrations of glucose, insulin, and leptin, which act more at a local level in stimulating glucose uptake [23] . Archer et al. [64] reported that a peripheral glucose infusion caused higher plasma concentrations of leptin and insulin in oestradiol-implanted, castrated male sheep; however, the effect of such infusion on LH secretion was strongly influenced by photoperiod. Glucose increased LH pulse frequency (P < 0.01) and amplitude (P < 0.01) and reduced the amount of NPY mRNA (P < 0.05), but the effects only occurred when animals were in a photoperiodic state of early anoestrus and not when under a photoperiod characteristic of the end of anoestrus or the beginning of the breeding season.
CONCLUSIONS
Nutrition seems to have a moderate effect on the seasonality of reproduction in Mediterranean breeds of sheep; however, the response can vary depending on the season. Nutritional stimulation during seasonal anoestrus cannot always overcome photoperiodic inhibition, although good nutrition can result in a higher proportion of cyclic ewes during this period. The highest receptivity to nutritional stimulation in terms of reducing reproductive seasonality occurs in the transitional periods between anoestrus and the reproductive season, particularly at the end of the latter, when photoperiod influence is waning. At the end of the seasonal anoestrus, photoperiod plays an important role in regulating the onset of the breeding season, although this is the best time to use nutrition manipulation to improve ovulation rate. It is reasonable to postulate that both immediate and static effects of nutrition on sexual activity can be additive.
